Abstract Although purinergic receptor activity has lately been associated with epilepsy, little is known about the exact role of purines in epileptogenesis. We have used a rat model of temporal lobe epilepsy induced by pilocarpine to study the dynamics of purine metabolism in the hippocampus during different times of status epilepticus (SE) and the chronic phase. Concentrations of adenosine 5′-triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP), and adenosine in normal and epileptic rat hippocampus were determined by microdialysis in combination with high-performance liquid chromatography (HPLC). Extracellular ATP concentrations did not vary along 4 h of SE onset. However, AMP concentration was elevated during the second hour, whereas ADP and adenosine concentrations augmented during the third and fourth hour following SE. During chronic phase, extracellular ATP, ADP, AMP, and adenosine concentrations decreased, although these levels again increased significantly during spontaneous seizures. These results suggest that the increased turnover of ATP during the acute period is a compensatory mechanism able to reduce the excitatory role of ATP. Increased adenosine levels following 4 h of SE may contribute to block seizures. On the other hand, the reduction of purine levels in the hippocampus of chronic epileptic rats may result from metabolic changes and be part of the mechanisms involved in the onset of spontaneous seizures. This work provides further insights into purinergic signaling during establishment and chronic phase of epilepsy.
Introduction
Temporal lobe epilepsy (TLE) is among the most frequent types of drug-resistant epilepsy [1] . TLE is accompanied by spontaneous recurrent seizures originating from temporal lobe foci, and learning and memory impairments [2, 3] . This disease is preferentially associated with hippocampal sclerosis, consisting by significant neurodegeneration in the dentate hilus, and CA1 and CA3 subregions [4] . However, the etiology of hippocampal sclerosis and the mechanism of genesis of epilepsy are not completely understood.
The model of TLE induced by systemic administration of pilocarpine in rats has been largely used, as it reproduces the main pathologic characteristics observed in humans [5] . In response to pilocarpine application (360 mg/kg, i.p.), rats exhibit uninterrupted seizures in an acute period lasting 15-18 h. Then, animals show normal behavior and electroencephalographic recording patterns for a period of approximately 14 days, also denominated latent period. This period terminates with the appearance of spontaneous epileptic seizures initiating a chronic phase maintaining for the remaining animal's lifetime [6] .
Various studies using experimental models have suggested that variations in intracellular calcium concentration ([Ca 2+ ] i ) are of special importance in epileptogenic processes. Elevated [Ca 2+ ] i levels cause neuronal hyperexcitability, thereby triggering various excitotoxic and degenerative cascades in addition to affecting gene expression, neurogenesis, and maintaining the epileptic state [7, 8] . A previous study by our group suggests the participation of adenosine 5′-triphosphate (ATP) in changes of [Ca 2+ ] i in the hippocampus of epileptic rats, probably by activation of P2X 7 receptors [9] . An increase in P2X 7 receptor expression was observed in the hippocampus of TLE rats, primarily in glial cells and glutamatergic nerve terminals [10] , suggesting participation of this receptor in inflammatory response and excitotoxic processes during epileptogenesis.
The functional roles of extracellular ATP released from neurons and non-neuronal cells are regulated by its breakdown to adenosine [11, 12] . Thus, the extracellular concentration of ATP measured in tissue perfusion samples reflects the rate of release and the breakdown of ATP, which are determined by the activity of ecto-nucleotidases like ecto-ATP diphosphohydrolases (e-NTPDases) or ecto-apyrases and ecto-5′-nucleotidase. Members of the apyrase family are surface-located enzymes capable of hydrolyzing nucleotides (ATP, adenosine diphosphate (ADP), and adenosine monophosphate (AMP)), while ecto-5′-nucleotidase hydrolyzes AMP to form adenosine [12, 13] . Ectoenzymes act to regulate synaptic activity, controlling levels of antagonisticacting ATP and adenosine in both physiological and pathophysiological conditions, including epilepsy [12, 14] .
In this study, we used rats subjected to the TLE model induced by pilocarpine to determine extracellular levels of ATP, ADP, AMP, and adenosine in hippocampal perfusates during status epilepticus and in the chronic phase.
Experimental procedures Pilocarpine model
The rats housed in groups of five had free access to food and water and were kept under a continuous 12-h/12-h light/dark cycle.
Animal protocols were conducted in accordance with national and international legislation (Guidelines of the Brazilian College of Animal Experimentation, COBEA; NIH Guide for Care and Use of Laboratory Animals) and with the approval of the Ethical Committee of the University (Protocol. 0636/04). All efforts were undertaken to minimize the number of animals used and their suffering.
Male Wistar rats weighing about 250 g were injected with N-methyl-scopolamine (1 mg/kg, sc, Sigma) followed 30 min later by pilocarpine (360 mg/kg, ip. Merck, USA). N-methylscopolamine was used to prevent peripheral effects of pilocarpine. The pilocarpine-induced SE is characterized by behavior and electrographic changes as previously described by Turski et al. [5] and Cavalheiro [6] . Briefly, behavioral changes began about 10 min after pilocarpine injection, where animals were motionless with salivation, blinking eyes, twitching of vibrissae, orofacial movements, and yawning. Following 30 min of pilocarpine injection, discontinuous seizures were observed lasting up to 90-150 min. Right after, limbic motor seizures with intense salivation, rearing, upper extremity clonus, and falls occurred every 5-15 min, reaching maximal frequency within 1-2 h. SE remitted 5-6 h after pilocarpine administration. After a latent period (seizure-free period) of 14 ± 3 days (ranging from 4-44 days), all animals were placed in transparent acrylic box, one per box, and monitored by video for 24 h/day to register spontaneous and recurrent seizures. Spontaneous seizures were characterized by staring and mouth clonus, automatisms, monolateral forelimb clonus, and bilateral forelimb clonus, followed by rearing and falling and tonic-clonic seizure. The spontaneous seizures lasted for lifetime of the animals [5, 6] .
Microdialysis and HPLC assay of 1,N 6 -etheno-purines Our microdialysis protocol was adapted based on previous method described by Ballarin et al. (1991) [15] . Briefly, the animals were anesthetized by intraperitoneal injection with a cocktail containing 67 and 13 mg/kg ketamine and xylazine, respectively, and immobilized in a stereotaxic device. A cannula was implanted in the dorsal hippocampus in agreement with the stereotaxic coordinates of the Paxinos' atlas (anteriorposterior = −5.3 of Bregma; lateral-lateral = 4.0, and depth = 2.0). Twenty-four hours after the surgery, a catheter for microdialysis (CMA11, Stockholm, Sweden; CMA 11 Microdialysis Probe with membrane length 2 mm and cutoff of 6000 Da) was inserted into the cannula and then a polyethylene catheter (∼90 cm of length) was connected to a 2.5-ml syringe (Hamilton, Reno, NV) filled up with sodium lactate Ringer solution. Perfusion was initiated by using a microinfusion pump with a flow rate fixed at 1.5 μl/min following a 180-min interval necessary for establishment of local stabilization of neurotransmission.
Endogenous purines (e.g., ATP, ADP, AMP, and adenosine) in superfusates were quantified after derivatization to 1, N 6 -etheno-derivatives to increase detection sensitivity as described previously by Levitt et al. (1984) [16] . Samples of 50 μl volume each were fractionated in time intervals of 32 min, immediately derivatized with 2-chloro-acetaldehyde and analyzed by high-performance liquid chromatography (HPLC) [16] . For derivatization, 22.3 μl of 0.1 M citrate phosphate buffer and 2.5 μl of 2-chloro-acetaldehyde were added to each 50 μl of microdialysis sample, and the mixture was heated for 40 min at 80°C. The obtained 1,N 6 -etheno-purines were separated by a reversed-phase HPLC system (Shimadzu Scientific Instruments, Columbia, MD) equipped with an analytical Chromolith C18 column (Merck, Darmstadt, Germany). Derivatized samples were injected into the HPLC system followed by isocratic elution of the column for 35 min using 83 % eluent A (0.1 M citrate phosphate buffer, pH 6.0) and 17 % eluent B (eluent A + 25 % methanol).
A fluorescence detector (RF-10 AXL, Shimadzu) with excitation and emission wavelengths of 230 and 420 nm, respectively, was used to detect 1,N 6 -etheno-purine elution from the column. Chromatograms were stored onto a PC and analyzed by using the Software Class VP, version 2.0. For calibration curves, known concentrations of ATP, ADP, AMP, and adenosine were derivatized as described to obtain 1,N 6 -etheno-purines, injected into the HPLC system, and analyzed (see a standard chromatogram in Fig. 1 ). Compound peak form samples were identified by the retention times and quantified by comparison of the peak areas of the samples with those of authentic standards in a 50 μl injection volume.
Groups of study
After pilocarpine injection, two groups were obtained to study purine metabolism (n = 6/group): status epilepticus group (acute period) and chronic group. Microdialysates of purinergic metabolites were taken at 30 min, 1, 2, 3, and 4 h after pilocarpine administration. Three samples were collected for the determination of basal average concentrations of ε-purines, and another sample was taken 30 min after N-methyl-scopolamine (NMS) injection.
The chronic group consisted of animals (n = 6/group) studied for 90 days after pilocarpine injection. Each animal suffered from at least three severe spontaneous seizures per week. The seizures were considered severe when the animals had tonicclonic seizures, on the stage 5 of Racine scale [17] . The concentrations of purines were obtained as mean values of the first three microdialysis samples collected from epileptic rats. Animals were subjected to microdialysis for 360 min, following the stabilization period of 180 min. Samples of 50 μl volume each were fractionated in time intervals of 32 min, independently from the onset of the seizure period. During the microdialysis procedure, three rats had one episode of spontaneous seizures with about 15-20-s duration and their samples were also used to quantify purines during the ictal period.
The control group consisted of six animals injected (i.p.) with 0.9 % NaCl solution instead of pilocarpine. Purines were quantified using identical conditions as described for the chronic group.
Histological staining of hippocampal slices
Histological staining was done in order to verify the correct position of microdialysis probes. Animals were sacrificed following each microdialysis experiment. Brains were removed and immediately frozen, and slices of 40 μm each were obtained by using a cryostat. The slices were transferred to gelatinized slides and stained with cresyl violet.
Statistical analyses
One way ANOVA followed by Tukey's post hoc analysis was employed for comparison of variations in extracellular purine concentrations for the studied time points (basal levels, Nmethyl-scopolamine, 30 min, 1, 2, 3, and 4 h after pilocarpine injection) in the hippocampi of rats with SE. The Student t test was employed for comparison of purine concentrations between chronic and control groups. Results were considered significant for p values <0.05.
Results
A rat model of TLE induced by pilocarpine was used to study alterations in the dynamics of extracellular ATP metabolism during acute and chronic phases of the disease. Microdialysis and HPLC were used to quantify 1,N 6 -etheno-purine (ATP, ADP, AMP, and adenosine) concentrations. The correct position of the microdialysis probe was verified in all animals.
Purine metabolism during acute phase of the epilepsy model
Behavioral manifestations in rats following pilocarpine injection were identical to those previously described [5] . Samples from hippocampal microdialysis collected for 4 h following pilocarpine-induced SE showed significant alterations in concentrations of ATP metabolites (Fig. 2) . ADP and AMP concentrations increased to 250 % (p < 0.05 %) and 183 % (p < 0.05 %) following 3 and 4 h of onset of brain insult, whereas adenosine concentration went up to 208 % (p < 0.05 %) when compared to concentrations of purines in basal condition (mean values ± SE: AMP, 8.7 ± 3.6 nM; ADP, 6.0 ± 1.7 nM; and adenosine, 7.0 ± 1.6 nM, respectively). However, no significant difference was observed in extracellular ATP concentrations throughout the experiments (p > 0.05).
Purine metabolism during chronic phase of the epilepsy model
Purine concentrations in the hippocampus from chronic rats were determined by analyzing samples taken 90 days after SE onset. As a general observation, concentrations of ATP and its metabolites ADP, AMP, and adenosine reduced significantly in epileptic rats when compared to control animals (Table 1) . However, during microdialysis sample collection, three rats presented spontaneous seizures and purine contents were determined in samples collected at that time. A significant increase in ATP and adenosine concentrations by 300 % (p < 0.009) and 230 % (p < 0.04), respectively, was observed in animals of the chronic group, while elevations of ADP and AMP concentrations were not significant compared to basal levels ( Fig. 3) (p > 0.05).
Discussion
This study contributes to a new understanding of the role of ATP metabolism in the TLE. An increase in AMP concentration was detected in the second hour whereas ADP and adenosine concentrations were elevated during the third and fourth hour after pilocarpine administration onset, respectively. In contrast to rising levels of ADP, AMP, and adenosine, ATP concentrations did not significantly change during 4 h following pilocarpine injection when compared to basal values. Increased levels of purine metabolites without changes in ATP concentration suggest that the released ATP is rapidly metabolized in the extracellular space. Augmented expression and/or activity of e-NTPDases preferring ATP over ADP as substrate has been shown [18] . Elevated e-NTPDase 1 and ecto-5′-nucleotidase expression contributes to pathological changes in the hippocampus after transient global cerebral ischemia in rats [19, 20] and after pilocarpine-induced epilepsy [21, 22] .
In a previous study using hippocampal synaptosomes of rats, a significant increase in ATP and ADP hydrolysis by ecto-ATP diphosphohydrolase activities occurred 48-52 h after SE induced by pilocarpine [22] . Hydrolysis rates reached maximum values on days 7-9, decreasing gradually, but still remained elevated for 40-50 days when compared to control groups. The profile of 5′-nucleotidase activity was similar, with increased AMP hydrolysis at 48-52 h, 7-9 days, and 45-50 days after SE [22] . Our data, different from those reported by Bonan and co-workers [22] , indicate that the hydrolysis of AMP could be detected as early as 2 h after SE onset. ADP levels were increased only 3 h after SE onset suggesting differential activation of ecto-nucleoside triphosphate diphosphohydrolase (e-NTPDase) during SE. Increases in the metabolism of ATP may be part of pathogenic processes manifesting during the initial phase of pilocarpine-induced TLE. This hypothesis is in agreement with previous studies demonstrating liberation of ATP and adenosine following brain insult [23, 24] . Further, it was postulated that ATP and adenosine could mediate antagonistic actions. For instance, ATP could promote depolarization and subsequently neurodegenerative processes, whereas adenosine could exert inhibitory activity [9] [10] [11] 21] . The actions exerted by ATP metabolites have not been completely understood, especially those of ADP and AMP. Increased ATP metabolism during SE may indicate increased glutamate release, which can contribute to cell death in this model [25] .
ATP released into the extracellular space can be cytotoxic by activating P2X 7 receptors whose expression is upregulated in the hippocampus during SE [9, 10] . According to the authors, the increase in P2X 7 receptor density was located mainly in glial cells, suggesting that P2X 7 receptors participate in inflammatory processes and degenerative effects activated by ATP [10] . This suggests that P2X 7 receptor ligands may be useful adjunctive treatments for refractory epilepsy [26] .
Increase in extracellular ADP and AMP concentrations observed in the present study can be beneficial for the hippocampus by inhibiting deleterious glutamate neurotransmittermediated effects [27] [28] [29] and microglial cytokine actions [30, 31] . Recent evidence indicates that AMP also activates A1 receptors and when tested in a model of kainate-induced Values are means ± SE Student's t test, **p < 0.007; *p < 0.03 seizure, AMP prolonged latency of convulsions, but had no effects on seizure severity and mortality. These data are the first to suggest that AMP is an endogenous anticonvulsant acting on A1 receptors [29] .
The increase of adenosine concentration, in contrast to the actions of ATP, results in anticonvulsive and neuroprotective actions [21, 32] . These inhibitory effects on excitatory neurotransmission involve A1 adenosine receptor activation and subsequent blockage of excitatory neurotransmitter release including that of glutamate [33] . Direct evidence for adenosine-induced inhibitory effects has been collected in various experimental models in epilepsy [13, 21] . All these data taken together reinforce the hypothesis of neuroprotective roles for adenosine and are in agreement with our results.
In contrast to elevated concentrations of ATP metabolites encountered during acute phase of this model, ATP, ADP, AMP, and adenosine levels decreased during the chronic period when compared to purine concentrations found in the hippocampus of control animals. This reduction in hippocampal extracellular purine concentrations is accompanied by disturbance of cellular metabolism including glucose hypometabolism commonly found in TLE animal models and previously demonstrated by us [34] and also in human patients [35] .
E n h a n c e d e x p r e s s i o n a n d a c t i v i t y l e v e l s o f ectonucleotidases including ecto-5′-nucleotidases have been described by us in the hippocampi of chronic rats subjected to pilocarpine as a compensatory inhibitory mechanism [21] . However, in accordance with enhanced ATP breakdown to adenosine as a mechanism of neuroprotection during the interictal period, extracellular concentrations of adenosine are supposed to augment; a postulation that could not be verified in the present study. In agreement with some authors, reduction of extracellular adenosine concentration may result from increased adenosine kinase expression and activity in the epileptic hippocampus facilitating the development of seizures [36] .
In view of the fact that extracellular adenosine concentration remains decreased despite the increase in ecto-5′-nucleotidase during the chronic phase, we suppose that nucleotide homeostasis is abnormal in the epileptic hippocampus. In fact, functional neuroimaging studies demonstrated a decrease in glucose utilization (Bhypometabolism^) in seizure foci and adjacent brain structures of epilepsy patients [35, 37] and in experimental models [34] , which might be explained by the dysfunction of mitochondrial oxidative and/or glycolytic energy metabolism. According to the authors, the hypometabolism in TLE could result from dysfunction in cellular energy metabolism than neuronal cell loss.
During the microdialysis process, some chronic rats exhibited spontaneous seizures and the levels of all purines assayed at that time were increased. A similar increase in adenosine level was also detected after patients' seizures [38] . Besides, a significant increased activity of soluble nucleotidases has been shown in blood serum of patients in the postictal phase resulting in high level of adenosine that could be actively transported into the brain [39] . Augmented adenosine concentrations found in our study may be related to transitory metabolic changes that occur during seizures or may result from the transport of adenosine from blood into the brain. However, further studies are needed to clarify this hypothesis.
In summary, results from this study suggest that the increased turnover of ATP during the acute period represents a compensatory mechanism in order to reduce the excitatory role of ATP. The increased adenosine level following 4 h of SE may contribute to block seizures. On the other hand, the reduction of purine levels in the hippocampus of chronic epileptic rats may reflect dysfunction in ATP homeostasis resulting from disturbances of astrocytic glycolysis and/or neuronal-astrocytic metabolic coupling. Further studies may be needed for better understanding of this crucial mechanism in the pathophysiology of TLE and subsequent therapeutic strategies to be developed from such knowledge. 
